Introduction
Wet gas is the terminology for a well stream where the gas volume fraction (GVF) is greater than 90% and often above 95% at the metering condition. It is a typical gas-liquid two-phase flow with low liquid fractions. Currently, wet gas meter (WGM) is mainly based on differential pressure (DP) devices. At 90% confidence level, the measurement uncertainties of existing WGMs are about 5~10% for gas and liquid flowrate, which can meet the accuracy requirement for reservoir management, but cannot be used for production allocation and fiscal metering, which only allow 2~5% and 0.25~1% measurement error respectively. The development of high accurate WGM is remaining as a key demand to the natural gas industries for many years.
Since the measurement uncertainty of DP meters is affected by fluid temperature, density, fluid velocity profile and fluid viscosity etc., the accuracy of the existing WGMs is difficult to be improved [1] . Motivated by the fact that Coriolis Mass Flowmeter (CMF) offers unprecedented accuracy and reliability in measuring a single-phase flow, and the accuracy of CMF is not affected by the abovementioned variables, this article aims to investigate the feasibility of using CMF as WGM to respond the demand of natural gas industries.
Problems of CMF in gas-liquid twophase flow metering
Early experimental results from Micro Motion showed that CMF was unable to perform well when presenting in a gas-liquid two-phase flow. The main evidences are a dramatic rise in the flowtube damping, and also rapid change due to the chaotic nature of the interactions among liquid, compressible gas and flowtube walls. This phenomenon directly leads the flowtube drive circuit to saturation, which is used for overcoming the damping effect, and maintaining the flowtube to vibrate in a constant amplitude. Rapid changes in damping will result in rapid changes in the parameters of flowtube vibration such as frequency, amplitude and phase signals from CMF sensors. Then the changes of sensor signals increase the difficulties in information extraction and finally lead to poor tracking of frequency and phase, and the consequence is that a proper drive current cannot be generated in time. There will be phase shift between sensor input and drive output and the flowtube may vibrate in a forced mode. Therefore, the accuracy and repeatability of CMF will be significantly degraded in the gas-liquid two-phase flow metering.
Recently, there are many improvements in CMF technology [2] , which includes CMF tube geometry design based on numerical simulations, tube balancing system and signal processing techniques etc. It might be the right time to reconsider the possibility and feasibility for multiphase flow metering based on the CMF technology. The optimal CMF operation is that the flowtube should vibrate at its natural frequency with a constant amplitude. The vibrating frequency of flowtube is a function of fluid density, and the phase difference between the two CMF sensors is a function of mass flowrate. There are two problems needed to be solved before applying CMF to the wet gas metering. The first one is to maintain the flowtube vibrating as stable as possible, and the second one is to get an accurate reading for both mass flow and density from the sensor signals.
Theoretical analysis
In order to apply CMF to wet gas flow metering, the Coriolis tube needs to endure complicated force from two-phase fluid in different flow regimes. Therefore, the simpler the tube is, the less additional forces the tube will endure. Supposing the diameter of Coriolis tube is the same size as the connected pipeline, the tube will have no influence on flow regime, and hence no additional force on the Coriolis tube will arise through two-phase fluid. If it is the case, the straight tube Coriolis meter would be the best choice for wet gas flow metering. As the force from two-phase fluid is added up with the Coriolis force, it is almost impossible to distinguish or separate them. The added forces are the main sources of high degree noise in CMF sensor signals as well.
On the other hand, there are some disadvantages for a straight tube CMF as a single-phase flowmeter. Compared with a typical bent flowtube, the sensor signals arising from a straight tube have a high-frequency, low-amplitude and low-phase difference range. In other words, they have a poor signal-to-noise ratio, and it is more difficult than the bent tubes to extract good quality measurement signals and ensure continuous flowtube oscillation. Our experiments of using CMF as WGM illustrated that the signal to noise ratio is not as high as the bent tube CMF reported by Henry [3] . In our experimental studies, two slightly bent tube CMFs were selected and tested, both of them showed good performances through all the testing ranges. Details will be given in the following section.
Furthermore, one of the main problems in the existing WGMs is that their turndown ratio is less than 10:1. Unfortunately, the total mass flowrate of wet gas in the production pipeline always varies more than one hundred times due the natural properties of gas-liquid two-phase flow, which causes the DP reading saturated randomly. The straight tube CMF has a turndown ratio of 1000:1 and can deal with the natural variation of gas-liquid flowrate easily. Therefore, the straight tube CMF is the most suitable choice for wet gas metering.
themed paper: Using Coriolis Mass Flowmeter for Wet Gas Metering
Concerning the difficulties mentioned above, we propose a three-step procedure of using CMF as WGM. The first step is to model CMF in a wet gas flow metering; the traditional model for CMF is not suitable because the compressibility of gas phase will lead to different vibrations among gas, liquid and flowtube walls. Different flow regimes, such as stratified flow, annular flow and mist flow, must have a different CMF metering model. The second step is to develop a model-based control method to keep the flowtube's vibration parameters following gas-liquid two-phase flowrate variation in a stable, steady and fast way. The last step is to develop a model-based signal processing algorithm to obtain accurate gas and liquid flowrate readings. The implementation details are given in the following section.
Experimental studies
Experiments have been carried out in the two-phase flow experimental rig [4] at Cranfield University, UK. The test matrix is showed in Figure 1 . Two selected CMFs were installed in sequence in the rig, one was in a vertical installation and the other was in a horizontal installation. The diameters of experimental pipeline and CMF were 2 inches. The experimental fluids were air-water and air-oil. The gas flowrate was 200~500 sm 3 h -1 , liquid flowrate 0.11~1.5Kgs -1 , and pressure 100~300KPa. The calculated GVF in the metering condition was 88%~ 99%, which were in the range of wet gas flow. In order to be concise in the following paragraph, we call the vertical coriolis meter CMF01 and the horizontal one CMF02. Except for comparison of the effects of two kinds of installation, the results will be mainly focused on CMF02. The sampled data include amplitude and frequency of flowtube vibration, total mass flowrate, exicitor current, damping coefficient, temperature of fluid, temperature of flowtube and DP signals across CMF. Based on the experimental data analysis, the following five findings were obtained: finding 1-the measurement repeatability is acceptable. The measurement repeatability of using CMF as WGM is quite good although the magnitude of the errors is high. Table 1 shows the repeatability test results of frequency reading. The repeatability error is defined as the relative error of frequency output; the frequency output range is 465Hz~562Hz, the upper and lower limits are the CMF frequency for gas and the liquid single phase flow measurement respectively. The repeatability test was carried out across a period of time but with almost the same gas and liquid flowrate and the same pressure and temperature. The frequency outputs at two instants are denoted as Frequency No.1 and Frequency No. 2 in Table 1 .
The selected wet gas flowrate in Table 1 has almost the same GVF in the metering condition, and hence the flowtube has almost the same oscillating frequency. The biggest repeatability error is less than 0.5%, and most of them are less than 0.2%. It is good enough for WGM in natural gas industries and has illustrated a potential advantage of using CMF as WGM over other types of flow meters and density meters. finding 2 -the internal parameter of Cmf varies rapidly during measurement process. Table 2 shows the mean value and standard deviation of the frequency, excitor current and damping coefficient in three different metering conditions, which are gas only, liquid only and wet gas metering. In Table 2 , gas flowrate is 150sm water flow, the calculated GVF is 97.7%.
Coriolis meter can work properly in the testing process, but it can be seen from Table 2 that the internal parameters vary significantly in the wet gas metering condition. For example, compared with the wet gas metering shown in the extreme right column in Table 2 , the standard deviation of frequency varies 4 times to that of gas flow, and it is about 100 times to that of liquid flow. These phenomena give rise to a new and essential requirement to the signal processing and the control method for using CMF as WGM.
finding 3 -there are great differences between the vertical and horizontal installations for wet gas metering while there are little differences for single-phase flow measurement. Generally speaking, the vertical installation is preferable for multiphase flowmeters which are based on gama ray or electrical sensors to obtain the fraction measurement. As in a vertical pipeline the flow regime is simple and flow distribution across the pipe is uniform. Therefore, vertical installation is helpful to get accurate fraction measurement. The horizontal installation is preferable for multiphase flowmeters based on DP technology, as in the vertical themed paper: Using Coriolis Mass Flowmeter for Wet Gas Metering pipeline the DP readings that arose from gravity and throttling are difficult to be separated from each other, but the gravity has no influence on DP measurement in the horizontal installation. Figure 2a . As CMF01 is installed in front of CMF02, there is a delay between the two meter's output signals as the fluid flows through CMF01 and CMF02 at different times. Figure 2 shows that there are random variations in the output signals from CMF01, and some of its mass flow readings are negative, but these random changes did not appear in CMF02. We conclude that the horizontal installation is more suitable for wet gas metering. Our further experiments show that after the gas flowrate has been increased over 250 sm ), all the reading from CMF01 is positive, but the output variation of CMF01 is still bigger than that of CMF02. Theoretical analysis and our experimental data also show that when gas flowrate is less than 250 sm , there will be an inverse liquid flow exist in CMF01, i.e. a vertical pipeline, which is the reason for the negative output of CMF01.
finding 4 -The fourth one is about density measurement of wet gas flow. Figure 3 shows the density reading from CMF02 and the actual density which was calculated by gas and liquid flowrate from references meter in the experimental rig. If gas flowrate is kept constant, the relationship between the actual density and the density reading of CMF02 is approximately linear. That is to say coriolis meter can follow the variation of liquid fractions accurately when gas flowrate is known.
finding 5 -the total mass flowrate measurement of the wet gas flow is accurate. Figure 4 illustrates there is a near-linear relationship between the CMF01 mass flow reading and the actual mass flow. The coefficient of determination of Figure 4 is 0.9957. It shows the correction and accuracy of CMF readings of wet gas flow.
Conclusions
There are many advantages of using CMF as WGM. The most important ones are that the relationship between the true mass flowrate and CMF readings is almost linear, and CMF can follow the variation of liquid flowrate linearly when the gas flowrate is kept at a constant.
For the use of CMF as WGM in a wide range of measurements in gas industries, the horizontal installation is recommended. Although when gas flowrate is big enough and liquid flowrate is low, the installations of CMF as WGM have no difference. In conclusion we point out that the perfect repeatability, high accuracy and linear relationship features make it ideal for CMF to be used as WGM in gas flowrate measurement in natural gas industries. 
